The genes coding for Ul RNA in the sea urchin
INTRODUCTION
A major class of small nuclear RNAs is characterized by the presence of cap structures at the 5' terminus which contain 2,2,7 trimethyl guanosine (1) . These RNAs are present in ribonucleoproteln particles which are precipitated by certain classes of antisera from patients with lupus erythematosus (2) . These RNAs are presumably present in all eucaryotic cells. They have been described in Drosophila (3), Dictyostelium (4), dinoflagellates (5), peas (6) , chickens (7) , and sea urchins (8) as well as in mammalian cells.
The best studied small nuclear RNA is the homologue of mammalian Ul RNA. The sequence of the Ul RNA has been conserved among a variety of species.
More strikingly, all the Ul RNAs sequenced thus far can be drawn in a similar secondary structure which is maintained by compensatory substitutions (3, 9) .
Considerable evidence suggests that this RNA is involved in splicing of mRNA precursors (10) (11) (12) (13) .
Genes for Ul RNA have been isolated from a number of species.
In Xenopus laevis there is a tandemly repeating dimer of Ul genes of about 500 copies (14) . Other genes which are not part of the tandemly repeating unit have also been identified.
There are a number of gene copies in mammals.
In rodents there
are Ul genes that are linked but not in a simple repeating unit (15, 16) . In humans, there is a family of Ul genes which have long homologous flanking regions but which are not tightly (within 10kb) linked (17, 18) .
The genes for U2 RNA show a similar organization. Two of the U2 genes in mice are closely linked (19) , while in humans the U2 genes are tandemly repeated in a large tandem repeat (20) .
We previously reported that the sea urchin Ul genes, like many other sea urchin genes, are encoded in a tandemly repeated unit about 1400 bases long (21) . We report here the structure of the repeat unit and the sequence of the RNA which would be encoded by this gene. This RNA is 70-75% homologous to the mammalian and drosophila Ul RNA. The sea urchin Ul RNA is found in a particle which can be precipitated by both anti-RNP and anti-Sm sera from patients with lupus erythematosus.
MATERIALS AND METHODS

Sea Urchins
L. variegatus sea urchins were collected from the Gulf of
Mexico and maintained at the FSU marine laboratory at Turkey Point. Embryos were grown and labeled with P0 4 as previously described (8) .
Preparation of_ RNA Nuclei were prepared as described by Nijhawan and Marzluff (8) .
RNA was prepared by extraction with phenoi-SDS at pH5 at room temperature. The 4-8S RNA was prepared by sucrose gradient centrifugation and resolved by electrophoresis on 10% polyacrylamide gels in 7M urea (22) .
To release ribonucleoprotein complexes nuclei were incubated as described by White et al. (23) . The extracted material was immunoprecipitated with anti-RNP, a monoclonal antibody (a gift of Dr. S. Hoch) or anti-Sm antlsera (a gift from Dr. J. Steitz) by the procedure of Kessler (24) . The precipitated RNA was analyzed by polyacrylamide gel electrophoresis (22) . DNA Sequencing DNA was sequenced by the method of Maxam and Gilbert (25) . The DNA was end-labeled either with y -32 P0 4 ATP and polynucleotide kinase or with at, -^P0 4 dCTP and the Klenow fragment of DNA polymerase I (26) . 85% of the sequences were done on both strands and those where only one strand was sequenced, the sequences were done at least twice. All the restriction enzyme sites used for sequencing were sequenced directly. The presence of the predicted restriction enzyme sites was confirmed by digestion with the appropriate enzymes.
Subclones were constructed from the sea urchin Ul repeat (cloned in the Hind III site of pBR 322) by cutting the Ul insert with Sau 3A. The four fragments generated were inserted into the polylinker of pUC9 which had been cut with Hind III and Bam HI (Hind III -Sau 3A fragments) or Bam HI (Sau 3A-Sau 3A fragments). Analysis of Ul Gene Organization DNA was prepared from L^ variegatus sperm by the method of Brown et al (27) . Five yUgms of DNA was digested with appropriate restriction enzymes and separated by electrophoresis on a 1.2% agarose gel. The DNA was transferred to nitrocellulose (28) . The filter was hybridized to the subcloned fragments of the sea urchin Ul gene labeled by nick-translation with o(-32 P0 4 -dCTP (26) . Hybridization was for 18 hours in 6xSSC at 68° as previously described (21) . The filter was washed extensively and exposed to x-ray film using an intensifying screen. SI Nuclease Mapping SI nuclease mapping was done by the method of Weaver and Weissman (29) as previously described (30) using DNA labeled at either the 5' or 3 1 end. SI nuclease mapping was also done by the same procedure using RNA labeled i_r^ vivo with 32 P0 4 (8) . In addition Vn_ vivo labeled sea urchin Ul RNA was hybridized with the pLv Ul.l DNA immobilized on nitrocellulose. Some of the RNA-DNA hybrids were treated with ribonuclease T^ prior to elution. The radioactive RNA was then analyzed by polyacrylamide gel electrophoresis. Northern Hybridization 20 ^.gms of L^ variegatus whole cell RNA was separated on a 2% agarose-formaldehyde gel (32) . The RNA was transferred to Gene Screen Plus (New England Nuclear) as described by the manufacturer. The filter was prehybridized for 6 hrs at 68°C in 0.9M NaCl, 0.09M Na 3 citrate, 50mM Tris'HCl, pH 7.5, 1% SDS, 0.1% ficoll, 0.1% polyvinylpyrrolidone, and 100 ^ugms/ml denatured E. coli DNA. The prehybridization solution was discarded. The filter was hybridized with pLvUl.lC (labeled by nick-translation with 32 P0 4 dCTP) for 24 hrs at 68°. The filter was washed extensively and exposed to x-ray film. The L^ variegatus Ul repeat was isolated from sperm DNA digested with Hind III. DNA fragments of 1.1-1.5 kb were purified by gel electrophoresis and inserted into the Hind III site of pBR322. A single colony was selected by hybridization with mouse Ul DNA and the L^_ variegatus Ul cDNA (21) . We have adopted the nomenclature Ul RNA, rather than the Nl RNA used previously (8, 21) , to be consistent with the nomenclature of small nuclear RNAs in other species.
Characterization of_ the Ul DNA Clone
The pLv Ul.l plasmid contained an insert of 1398 base pairs. The pLv Ul.l plasmid selected only Ul RNA when 32 PO 4 labeled RNA from blastula embryos was hybridized to the immobilized DNA (Fig.  1 ). Nuclease treatment of the hybrids with T^ ribonuclease did not cleave the majority of the Ul RNA suggesting that this DNA coded for Ul RNA.
The sequence of the 1.4kb Hind III fragment was determined. sequencing strategy used. The coding region of the Ul gene is indicated by the arrow. Figure 3A compares the sequence of the cloned sea urchin DNA with the Ul RNAs of rat, chicken and drosophila. This 161 base sequence was 70-75% homologous with each RNA. The first base of the sea urchin RNA has been assigned at the AUA sequence common to the 5' end of all Ul RNAs. The 3' end of the sea urchin Ul RNA is assigned from the predicted secondary structure. In Figure 3B the same sequence is shown in a possible secondary structure adapted from Mount and Steitz (3), similar that pro- 30 60 TTTTCCGGCA GATTGGCTCG CTCATTTTAC TCGGTCGCAA GTTTCCGATA  990  1020  AAAACCCCCT CCAAATAGTT TTCTCATTGA AACAACGTCA TCCAAAATAC GTTTCAAGTT  1050  1080  AATCCTTCCA ATCAATACAT ATTGTAACTG GGTATATTTT AAAACCTATT GGCCCATCGT  1110  1140  TGTTTCTTTT CCATATGAAC ATTAGTTAGT GGTTAAAAGT TGCATCATGA TTCGTAACTA  1170  1200  AAAAAAAATA AATGACCCGT TTAAAGCGTC AGCTTGGACC AACCAACATT TTCGTCACCA  1230  1260  ATCTATAAAA AGGTAAAATA TCCAGGTGCA TGGTCATTTC CCAGGGGTGG AGTCCAGGTT  1290  1320  ATTGACTACT CATTTAATGT GTATGAACTA GTTTCGATTT TGTGGTGCAT TTTCTCTTTA  1350  1380  TCCCTTGATA TGGAAATAAA The sequence of pLvUl.l homologous to the rat (1), chicken (9) and Drosophila (3) Ul RNAs is shown.
B.
The sequence of the sea urchin Ul RNA is drawn in the secondary structure proposed by Mount and Steitz (3). The extensive regions of sequence which are invariant among sea urchin, rat, chicken and Drosophila are boxed.
C. The complete sequence of the 1398 base insert of pLvUl.l.
The underlined sequences are sequences 5' and 3' to the gene which may be involved in the expression of the Ul gene (see Discussion). The first and last nucleotides of the Ul RNA are indicated by asterisks. posed by Branlant et al. (9) . Regions of sequence (>5 nucleotides) which are invariant between sea urchin, rat, chicken, Drosophila and human Ul RNAs are indicated in boxes. The sequence of the entire repeat unit is presented in Fig. 3C . The sequences 5' and 3' to the gene thought to be involved in formation of the RNA are underlined and will be discussed below, (see Discussion) Sea Urchin JH RNA is_ Homologous t£ pLv Ul.l
The position of the Ul gene shown in Fig. 3A was deduced from the DNA sequence. To confirm that sea urchin Ul RNA has a sequence similar to this gene, SI nuclease mapping was used. pLv Ul.l was 5' end-labeled at the Bgl II site at nucleotide 140 ( Fig. 2) in the predicted gene region with y-32 Po 4 -ATP and polynucleotide kinase. The labeled DNA was hybridized with total RNA from various developmental stages. The SI resistant DNA was analyzed by gel electrophoresis and is shown in Fig. 4A . A single major DNA fragment 140 nucleotides long was protected. An additional minor cleavage at position 30 in the RNA (yielding a 110 nucleotide protected DNA fragment) was also observed in RNA from embryos. This cleavage may be due to the detection of a Ul RNA with a sequence which is different from the pLv Ul.l clone and is present in the embryo. It could also be due to breakdown products of the RNA. Similar results were obtained when pLv Ul.l was cut with Bel I, which cuts at nucleotide 30 of the RNA (Fig.  2) , and 3' end-labeled to probe the 3' end of Ul RNA . A major fragment of 135 nucleotides was protected (Fig. 4B) . Using either probe we obtained a similar result with RNA from eggs, embryos and somatic cells, suggesting that the majority of the sea urchin Ul RNA is not dramatically different in structure in different tissues.
Sea urchin embryos synthesize a similar Ul RNA to the cloned gene.
To demonstrate this, embryos were labeled with 32 PO 4 and the labeled small nuclear RNA was hybridized in solution to pLv Ul.l and to fragments of pLv Ul.l generated by cleavage inside the Ul coding region with various restriction enzymes. The RNA-DNA hybrids were treated with SI nuclease. SI resistant fragments were analyzed by gel electrophoresis. ln_ vivo U2 Ul
Precipitation of Ul RNA with anti-RNP and anti-SM antisera.
Nuclei were prepared from S^_ purpuratus embryos labeled with PO4 for 30 hours from the blastula to the gastrula stage. The nuclei were extracted with 0.15M NaCl and the extract was treated with either a monoclonal anti-RNP antibody(lane 1), anti-RNP antiserum (lane 2), or anti-Sm antiserum (lane 3). The RNA was extracted from the antibody precipitate and analyzed by gel electrophoresis.
labeled sea urchin Ul RNA of the predicted length was protected from S^ nuclease by hybridization to fragments of pLv Ul.l generated by restriction digests which cut within the coding region of pLv Ul.l(Flgure 5). Presence of the Ul RNA in Ribonucleoprotein Particles.
The sea urchin Ul RNA is present in a ribonucleoprotein particle with properties similar to that of the particles present op op in mammalian nuclei. Nuclei from embryos labeled with PO4 extracted with 0.15M NaCl and the extract was treated with antiSm and anti-RNP antisera. The anti-Sm antiserum precipitated a series of RNAs which presumably correspond to the U series of RNAs found in mammalian cells. The anti-RNP anti-sera precipi- The levels of Ul RNA were analyzed by SI nuclease mapping or Northern blot hybridization.
Equal amounts of total RNA (100 nanograms) were assayed from each sample. Oocytes were prepared as described by Giudice et al. (42) and were less than 100 microns in size. Results are expressed relative to the egg = 1. The numbers in parentheses are the numbers of independent determinations. Morula embryos were 100-300 cells, blastula embryos were just after hatching and gastrula were 24 hours after fertilization. The somatic RNA was prepared from tubefeet. The number of independent determinations is indicated in parentheses. The deviation in each sample was ±25%.
tate only Ul RNA ( The relative amount of Ul RNA in sea urchin eggs and embryos was determined by SI nuclease mapping and Northern blot hybridization of egg and embryo RNA. As shown in Table I there were large amounts of Ul RNA in the egg.
The amount of Ul RNA increased 3-3.5 fold during development with an increase already detectable in the late morula stage. Since the amount of total RNA is constant as the embryo develops from egg to pluteus, the numbers reflect the fold increase in Ul RNA during development. Similar results were found using the S^ nuclease assay (Fig.  4A,B) or by detection of Ul RNA after gel electrophoresis and transfer of the RNA to nitrocellulose (Table I) . These results are in reasonable agreement with those we reported previously (8) .
Synthesis of small RNAs is initiated at the 32 cell stage and proceeds at a high rate until the blastula stage.
It is between these two stages that most of the small nuclear RNA is synthesized by the sea urchin embryo (8) . Heterogeneity of Ul Repeat:
To confirm that the pLvUl.l DNA represented a repeat unit present in the L^ variegatus genome, the genomic DNA was treated with enzymes predicted to cut the repeat.
We have previously reported that digestion of genomic DNA with Bgl II or Hind III gives the expected 1400 bp fragments (21) . Sperm DNA was digested was digested with several restriction enzymes, transferred to nitrocellulose, and hybridized with probes from the coding region and 5' and 3' flanking regions of the Ul gene. The results, shown in Fig. 7 , demonstrate that the Ul repeat must be heterogenous and that at least one other type of repeat unit must exist. The probes used and the fragments expected are shown in Fig. 7C . Digestion of genomic DNA with Hinc II and Hha I gave the expected results; single fragments of 1.4 kb and 1.25 kb respectively. Digestion with Dde I yielded a major fragment of 1.2 kb rather than the expected 1.4 kb, indicating that most of the repeat units have at least 2 Dde I sites. (Fig. 7A ) Digestion with Hinf I yielded a major 600 base fragment with the 3 1 probe, (Fig. 7B , lane 5) which was not predicted from the restriction map of pLvUl.l, in addition to fragments of the predicted sizes. One of the Hinf I sites 3' to the gene is missing in most of he repeat units. Digestion with Hpa II and Ava I, two enzymes which are sensitive to methylation at CG sequences, also gave unexpected results. Both these enzymes yielded a major 1.4 kb fragment, indicating that most of the repeat units are only cut once with these enzymes. The expected fragments from the two Ava I and Hpa II sites predicted by the map of pLvUl.l are present but are less intense. In a case of Hpa II, the failure to cut the genomic DNA is not due to methylation since the isoschizomer Msp I, which is not sensitive to CC methylation, gave the same result. The results are consistent with two types of Ul repeat in the genome, which differ in a region 3 1 to the gene.
The proposed organization of the two types of repeat unit is shown in Fig. 7C .
DISCUSSION
We report here the sequence of a repeat unit containing a sea urchin Ul gene. Like most other tandemly repeated genes, there is a single copy of the gene in the repeat and the great majority of the DNA is spacer sequence. The repeat unit is 68% AT, while the gene region is only 43% AT, in agreement with the general pattern that spacer regions are more AT rich than gene 1-3) or the 3' probe (lanes 4-6) .
B. Sperm DNA was digested with the indicated restriction enzymes, resolved on a 1.2% agarose gel, and hybridized to 3 probes from the Ul repeat. The probes were: a 110 base Sau 3A-Sau 3A fragment from the 01 gene (lanes 1-4) Ul RNA is synthesized by RNA polymerase II (7, 33, 34) , but the mammalian Ul genes differ from other genes transcribed by RNA polymerase II. They lack a TATAAA box 25-40 bases upstream from the start of the gene (15) (16) (17) (18) 20 Figure 8 . Sequences Flanking the Ul Gene The sequences 5' to the gene(top) and 3' to the gene(bottom) are shown. Upstream of the gene there is a dyad symmetry from base 55 to 81 and a TATAA sequence which is underlined. The sequence 3' to the gene is compared to the sequence 3' of the sea urchin histone genes. The lower case nucleotides are a consensus 3' sequence for the histone genes derived from the sequences presented by Hentschel and Birnstiel (35) .
regard to the expression of the sea urchin Ul gene. These sequences are underlined in Fig. 3C , and are shown in Fig. 8 . A sequence 37-41 bases upstream from the gene is an AT rich region which is similar to the TATAA sequence found 5 1 to most genes transcribed by RNA polymerase II. 55-81 bases from the 5' end of the gene there is a 26 base region of dyad symmetry. This is the only significant dyad symmetry region in the whole repeat. Sequences in this region are required for correct expression of human Ul genes after injection into the Xenopus occyte (34) . Whether these sequences are required for expression of sea urchin Ul genes is not known. No sequences were present with significant homology to the region I and region II sequences proposed by Weiner from examination of mammalian Ul genes (20) . This is not surprising in view of the long separation of mammals and sea urchin in evolution.
There is a clear-cut region at the 3' end of the Ul gene which may be involved in either termination or processing at the 3' end. The sequence CAAAGAAAGAAAA is found 13 bases 3' of the Ul coding region. A similar sequence is found in the early sea urchin histone genes although it is only 8 bases from the end of the histone mRNA, which also ends in a stem-loop structure (35) . Evidence is accumulating that the histone mRNAs are formed by processing at the 3' end (36, 37) and sea urchin Ul RNA may be formed by a similar mechanism. Fig. 3A compares the Ul RNA sequences of four widely divergent organisms; rat, sea urchin, chicken and Drosophila. There are several large regions (8-15 bases) which are invariant in these species.
It is clear that the sea urchin sequence can be fit into the same secondary structure as the other Ul sequences (Fig 3B) . The striking feature of this structure is that the loops and single-stranded regions have been highly conserved among all the species while the stem regions vary somewhat in length but primarily in compensatory base changes leading to conservation of overall secondary structure.
The first 13 nucleotides of the RNA are conserved in all species.
In addition there is a conserved stretch from base 142 to 152 in all 3 species which is found in the 3' stem-loop region.
These regions must be important in the Ul RNA function.
In particular the single-stranded sequences could play a role in specific RNA-RNA or RNA-protein interactions (3).
Gene Organization
The sea urchin Ul repeat is heterogenous as determined by probing genomic DNA cut with a number of restriction enzymes. The repeat length is uniform but there are at least 4 restriction enzyme sites which vary in a 500 base region 3 1 to the gene.
(Throughout we refer to the 3' regions and 5' regions as arbitrarily defined by the Mind III site. However because of the nature of a tandem repeat the region 3 1 to one gene is 5' to the next.)
Each of these enzymes defines a major and minor repeat. Assuming that there is a major and minor repeat we have isolated a member of the minor repeat.
At least 2 other genes in the sea urchin have more than one type of repeat. In the sea urchin L^_ Pictus and £^ Drobrachiensis there are two types of histone repeat each coding for the o(-histone genes (38, 39) . In L. variegatus there are 2 types of 5S RNA gene repeats (40) . In these cases, unlike the sea urchin Ul repeat, there are differences in repeat length. Whether or not the two types of Ul repeat unit are interspersed cannot be determined from these data. It is unlikely that they are a result of polymorphism since the same pattern was observed with 5 different L. variegatus individuals (not shown). We have 
